Due to a variety of physicochemical properties of the sewage sludge the selection of proper methods for its stabilization is difficult. In this work, the effect of ozone treatment on physico-chemical and microbiological parameters of sludge was investigated. Ozonation was carried out using a counter-current bed reactor, which ensures optimal mass transfer and the contact time of ozone with excessive sediment. The ozonation process was carried out for 15, 30, 45 and 60 min at an ozone concentration of 90-110 ppm. As a result of the ozone treatment it was possible to reduce the number of colony forming units. Also the potential for dewatering of the sludge improved while the total solids of the sludge did not change. The values of COD and BOD 5 increased with time of the process.
Introduction
Differentiation of the methods of sludge stabilization, separation, dewatering, as well as the specific nature of the sludge, contribute to volatility in its chemical composition, and various physical properties [1] . The composition and properties of the sewage sludge are the result of many factors, inter alia the initial charge of pollutants in wastewater flowing into the wastewater treatment plant, their temperature, the type of bioreactor, and the application of technological processes of sewage treatment. A significant impact on the composition of the wastewater, and consequently the sewage sludge has a degree of urbanization and industrialization of the agglomerations [2] . A characteristic feature of most of the sewage sludge is their high hydration, which ranges from 99% in raw excessive sediments to 80-55% in the dehydrated sediments. This makes them difficult to use e.g., because of the increased transport costs [3] . Sewage sludge is also characterized by a high content of organic carbon and macro and micronutrients, mainly nitrogen and phosphorus, which allows their use as a fertilizer [4] . However a major problem with the utilization of sewage sludge is the significant amount of harmful and toxic substances such as heavy metals or organic contaminants derived from the industry. Sewage sludge is a specific environment that sustains the life of different organisms, and simultaneously it is a are very good substrate for their propagation. Sludge is inhabited by microfauna and microflora, including bacteria, viruses, helminths, fungi, protozoa and other. The sludge is therefore a living biomass which is difficult to dewater for different reasons. The variety of chemical and microbiological composition of the sludge makes it necessary to stabilize them, to obtain a product, that is safe from the sanitary point of view. Improvement of the sludge properties can be achieved by pre-treatment of the sludge (conditioning), which aims the fragmentation of the solid sludge. The destruction of the cells of microorganisms included in the sewage sludge causes release of substrates and enzymes essential for further biochemical decomposition of organic compounds by acid phase bacteria and methanogens. Sludge can be conditioned using a variety of methods such as ultrasound, thermal, and in recent years by ozonation or joined methods [5] [6] [7] [8] [9] [10] [11] . Ozone treatment is a well-known and proven method of conditioning excessive sludge, but a new solution is constantly being sought that allows the use of ozone gas in heterogenic systems. Most of the proposed solutions (e.g., membrane reactors) aim to maximize the mass exchange between the gas and liquid phase. One such solution may be the use of a counter current flow reactor [12] . In the utilized reactor type ozone is directly contacted with sewage sludge and thus the contact surface between gaseous and liquid phase is expanded on the bed. In the membrane reactor ozone could decompose on surface of membrane or during the compression process, which can reduce efficiency of ozonation process. Ozone as a germicidal agent is more than twice as active as chlorine. Furthermore, ozone degrades a number of compounds believed to cause cancer, such as polycyclic aromatic hydrocarbons and also it is used to remove odor and refractive compounds [13] . In addition, it is widely used in water treatment technology. In the sludge the gas may react with different substances by two coexisting mechanisms. The first is a direct interaction of molecular ozone with an oxidized reagent, and the second is based on consecutive reactions, which are resulting from ozone decomposition. The gas impact on the bacterial cells, is primarily on their outer cell structures, such as the cell membrane. Ozone reacts with components of the cell membrane, i.e., unsaturated fatty acids contained in the lipids. This causes a breakdown of the molecules at the site of a double bond between the carbon atoms therefore resulting in the breakdown of the cell membrane, and consequently outflow of intracellular components to external environment. Ozonation of organic matter causes the formation of peroxides, with a high biochemical activity. One of the major actions of ozone on the cell metabolism is its effect on the coenzymes NADH and NADPH causing their oxidation [14] [15] [16] . Ozonation of the sewage sludge was proven to have a significant impact on the sludge properties such as destruction of flocks and reduction of sludge particles [17] . Also the amount of produced biomass is reduced by around 30% [18] . Among the physical and chemical methods of disruption of the activated sludge the ozonation has the greatest potential for disinfecting and generation of the substrate, resulting not only from the effectiveness in breaking flocs of activated sludge and microbial cells but also from the chemical transformation of released (by cell lysis) organic compounds to the components characterized by higher availability to the specialized microorganisms. Sewage sludge is a burdensome waste product for the natural environment, and its amount will steadily grow [19] . Sludge management must comply with the applicable laws of the European Union and local regulations [19] . Sewage treatment plants have been so far mostly modernized in order to maximize the efficiency of wastewater treatment. Nowadays, the focus should be primarily on solutions limiting the formation of sewage sludge, or that the resulting sludge, would lose the status of waste and could be used as fertilizer, especially that from 1 January 2016 storage of sludge on the lagoons or pits is not allowed [20] . Aside of the environmental factor there is a significant economical factor for sludge treatment. The operating costs of plant used for water treatment involves 25-65% costs of sludge treatment and disposal [20] . Therefore, there is a need to seek new methods for limiting the formation and stabilization of the sewage sludge. In the study the countercurrent bed reactor, was utilized for the ozonation of sludge originating in the sewage treatment plant in Ropczyce (Podkarpackie Voivodeship, Poland). The parameters such as pH, chemical oxygen demand (COD), biochemical oxygen demand in five days (BOD 5 ) and the number of colony forming units of bacteria in the sediment were determined. The aim of this study was to develop of a new countercurrent flow reactor for sewage sludge ozonation which would overcome drawbacks of classical membrane reactors such as low aeration or membrane pollution.
Materials and Methods

Reagents
During the physico-chemical analyzes a number of chemical compounds was utilized: sulfuric acid (VI) 95% p.a. ( 
Collection of Sewage Sludge
Municipal sewage sludge was collected according to-EN ISO 5667-13: 1997 from the municipal wastewater treatment plant in Ropczyce (Podkarpackie Voivodship, Poland) [21] . Wastewater treatment plant in Ropczyce is a mechanical-biological treatment plant. Sewage flows to the treatment plant through the combined sewage system, and hence domestic wastewater reaches the sewage treatment plant mixed with rainwater, meltwater and other waters. Load of the sewage treatment plant which purifies wastewater using activated sludge, expressed as an population equivalent, is PE = 6396 [22] . Receiver of sewage is a river Wielopolka.
Sewage Sludge Ozonation Procedure
During the ozonation of sewage sludge the technology proposed by Balawejder et al., was utilized [12] (Figure 1 ). In the proposed method the sewage sludge enters the column (φ 0.05 m; 1.2 m) from above thank by peristaltic pomp (max. flow rate 2900 L/min). The specific flow rate of sludge was adjusted to ozonation time. The column is packed bed with plastic fulfillment with a specific surface area 8-10 m 2 /m 3 . Ozone (in a mixture with oxygen) was fed in countercurrent manner, i.e., from the bottom of the column. Ozone was generated utilized corona discharge method by the ozone generator TS30 (Ozone Solutions, Hull, IA, USA). The ozone gas pressure was 0.5 bar with flow rate 10 mL/min. The maximum pressure in the column was controlled by safety valve on 1 bar. The residual ozone that did not react with the sludge was directed to ozone destructor. After the ozonation process was completed, the sludge left the column through the outflow. The ozone concentration during the process was determined on the level between 90 and 110 ppm. The ozone concentration was measured with ozone monitor Model 106-L Ozone Monitor (Ozone Solutions, Hull, IA, USA). The sewage sludge ozonation time were 15, 30, 45 and 60 min respectively.
Microbiological Analysis
Nutrient agar (BTL Company Sp. z o.o., Lodz, Poland) which allows the determination the total number of microorganisms grow able in aerobic conditions was utilized. Cultures were made using surface method by a series of dilutions to 10 −5 [23] .
Analysis of Physiochemical Parameters
Other parameters of sludge, which were determined according to respective standards were: pH-according to EN 12176: 1998 [24] , chemical oxygen demand (COD)-according to ISO 6060: 1989 [25] using a set for automatic measurement of COD (behrotest ® ). Determination of biochemical oxygen demand in five days (BOD 5 ) was performed according to EN 1899-1: 1998 [26] , but for the measurement of dissolved oxygen a device equipped with oxygen sensors: BOD TESTER (Bodt-5) from MRC company was used. Also the mass of total solids of the residue was determined [27] and settleable solid was analyzed by volumetric method, based on the measurement of the volume of settled suspensions in Imhoff funnel after 5, 10, 15, 30, 60 min [28] . Dewatering of the sludge was measured using sludge baggers Draimad produced by Ekofinn-Pol company. The sludge was introduced to the baggers and left for the gravity induced dewatering. The experiment was conducted three times.
A fast test to verify the efficacy of the process was the turbidance of supernatant measured at λ = 595 nm (blank sample was water), using UV 5100 spectrophotometer of the Biosens company. By analyzing the significance of the effect of the ozonation time on a given quality parameter, one-way ANOVA variation analysis was used, with significance level α = 0.05. The t-Tuckey test for equal numbers was used to verify the hypothesis of significant impact of storage effect on chosen parameter. In addition, Pearson's linear correlation coefficients were calculated between the selected parameters, with significance level α = 0.05. Statistical analysis was performed using STATISTICA 12 PL [29] .
Results
During the experiment the ozone was used as both a biocide agent and for conditioning of the excessive sludge. The tests results clearly show that the total number of microorganisms, as well as the number of microorganisms grow able on nutrient agar decreases during the ozonation (Figure 2 ).
Further evidence for inactivation of the sludge microflora is the determined value of settle velocity of sludge presented by decrease of sludge suspensions during the sedimentation (Figure 3) .
This effect is probably caused by inactivation of microorganisms belonging to the sludge and the breakdown of sludge flocs, thus allowing the biomass to settle more quickly. After 1 hour of the process reduction of the total number of microorganisms by nearly 2 log cfu g −1 was observed ( Figure 2 ). As a result there is a much higher settling velocity of suspensions Imhoff funnel, thereby reducing the apparent viscosity of the sludge [30] [31] [32] . Similarly to the effect observed by Park et al. (2003) [8] in our research there was a positive correlation of settling velocity and ozone dose. In addition these results correlate with the microbial analysis, which clearly shows that after 60 minutes of ozonation the number of microorganisms growable on substrates is the lowest. Extrapolating the results of the settleability, allowed drawing conclusion that using sludge conditioning with ozone can significantly shorten the time of the sedimentation of the excess sludge in gravity densifier. As indicated in the literature ozone destroys cell membranes by lipid peroxidation and other associated processes, irreversibly changing the structure of other organic compounds [6, [32] [33] [34] . In addition, it also reacts with the inorganic matter that is part of the sludge. The number of possible processes associated with ozonation is difficult to estimate, but it can be examined macroscopically using typical tests designed to determine of the amount and availability of matter susceptible to oxidation, i.e., COD and BOD 5 . The results of these measurements are presented in Table 1 .
It has been demonstrated that with an increase of the process duration, the value of COD and BOD 5 increases statistically significant. The increase in the values indicates that, with the increase of the ozonation time the destruction process of the sludge progresses. Ozonation process is often used in a wastewater treatment. This process allows COD and BOD 5 removal because the COD and BOD 5 load in wastewater is much lower than in sewage sludge. In case of wastewater the ratio of oxidant to substrates is high enough to allow partial mineralization of contaminants load. The contaminants load in the sewage sludge is only slight converted during the ozonation process. A conversion mechanism is based on sewage sludge flocks disintegration. Ozone is a strong cell-lytic agent, which can kill the microorganisms in sewage sludge and further convert the organic substances released from the cells [35, 36] . The released organic and inorganic compounds become more bioavailable and thus can be effectively used by aerobic and anaerobic microorganisms. The estimated biodegradability and thus the bioavailability of the sludge is assessed by the COD/BOD 5 ratio. The value of this ratio is inversely proportional to sewage sludge biodegradability [36] . The research presented in this study indicates a dynamic increase (264%) of BOD 5 compare to the almost stable value of COD during the ozonation process. Based on the measurement of dry matter content, it was found that the amount of matter in the sludge does not change, but its form and availability is modified. This is indicated by the decline in the ratio of COD/BOD 5 . These parameters allow to state, that the sludge subjected to ozonation process becomes susceptible to further treatment processes, e.g., the further stabilization with oxygen or biogas production [37] [38] [39] . At the same time, there were no statistically significant changes in pH of the sludge. The total solids did not change during the treatment as presented on Table 2 . An additional parameter that was used to determine the efficiency of the sludge ozonation process was the turbidance measurement of the supernatant. The values of settling velocity of sewage sludge and turbidance of supernatant have been shown to decrease with increasing ozonation time (Figure 3) . These correlations are confirmed by the high Pearson correlation coefficient between the turbidance of the supernatant and the settling velocity of the sediment, r = 0.94 (p < 0.05), indicating a strong positive correlation. The dependence of turbidance on time and settling velocity is presented in Figure 4 . Measurement of turbidance can be used as a rapid test, which in technological conditions will determine the desired degree of sludge stabilization measured by settling velocity. This measurement takes a few minutes and the full settling velocity test last for an hour (Figure 4 ). In industrial practice it is possible to install turbidimetric sensors that will allow you to control online the efficiency of the process.
The study indicates the usefulness of the proposed technology. The results obtained in the experimental conditions are encouraging but not all of the parameters are satisfactory. Modifying the conditions, i.e., increasing the time of exposition and the concentration of ozone can solve the problem of low degree of sludge hygienization. The biggest advantages of the proposed technology are:
•
Increase of the settling velocity of sludge, which directly affect the amount and cost of sludge dewatering; • Increase of the biodegradability of matter comprising the sludge, which could have a direct impact on an increase of its usefulness for energy generation (biogas) or in agriculture; • Countercurrent bed reactor allows the conducting of continues process which is more efficient than processes carried out using batch reactor.
Conclusions
A countercurrent bed reactor was successfully utilized for ozonation of sewage sludge. As a result the physico-chemical parameters of sewage sludge were modified. The disintegration of sewage sludge flocs was detect as main mechanism of gaseous ozone action. After the ozonation process the settle velocity of sewage sludge increase three times while COD/BOD 5 ratio decrease three times. This observation confirmed disintegration of sewage sludge flocs in proposed ozonation system. Furthermore we also concluded that turbidance measurement of supernatant can be used as a rapid test, which is allow in technological conditions to determine the degree of sludge stabilization measured by settling velocity. 
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